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A major hindrance in studying human meiosis has been the inability to assess all four products of female
meiosis. Overcoming this hurdle, a new study discovers a high incidence of non-canonical ‘reverse
meiosis’ and a new form of meiotic drive.A
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Figure 1. Canonical and reverse meiosis.
(A) General schematic of female meiosis with one pair of homologous chromosomes (red and blue) shown.
Homologous chromosomes segregate in MI with one set of homologs lost in the first polar body. Sister
chromatids segregate in MII, with one chromatid lost in the second polar body, while one remains in
the oocyte. (B) Reverse meiosis, in which the order of chromosome segregation events is inverted
i.e., sister chromatids segregate at MI whereas homologous chromosomes segregate at MII.Sexual reproduction in eukaryotes
requires meiosis to generate haploid
gametes (e.g., eggs and sperm) from
diploid germ cells. The ability to isolate
and genetically characterize all products
of individual meiosis events has been
invaluable to studies of the molecular
mechanisms of meiosis in model
systems. Meiosis is best understood in
fungi, where all meiotic products are
packaged together [1]. Advances in
Arabidopsis, and more recently mice,
have enabled vital analyses of single
meiosis events from these species as well
[2–4]. Studies inmodel systems, however,
have been limited in their ability to explain
the high incidence of aneuploid gametes
produced by meiosis in human females
[5–7]. One limitation is that genetic studies
in humans have typically characterized
only one product of meiosis (the oocyte)
while not being able to assay the others
(polar bodies). These ‘missing data’ have
led to weaker inferences about patterns
of chromosome segregation in female
meiosis and the source of meiotic
defects. Overcoming this major technical
hurdle, Alan Handyside, Eva Hoffman
and colleagues [8] were now able to
genetically characterize all products of
female meioses in humans. This way, they
made several surprising discoveries
about chromosome segregation in female
meiosis.
Canonical meiosis consists of one
round of DNA replication followed by
two nuclear divisions. The first meiotic
division (MI) separates pairs of
homologous chromosomes and the
second division (MII) separates sister
chromatids (Figure 1A). In female
meiosis, only one set of chromatids
(out of four) is selected for inclusion inR654 Current Biology 25, R654–R676, Augusthe oocyte and transmission to the next
generation. The other chromatids are
all lost in the polar bodies (Figure 1A) [5].
In the new study, the researchers
isolated both of the polar bodies along
with either the oocyte or an embryonic
cell (Figure 1A) for 23 separate meioses
[8]. They then amplified the genomes
of these individual cells and genotyped
them at 300,000 genetic markers.
By comparing data obtained from
independent meiosis events from the
same donor, they were able to infer the
genotypes of each pair of homologous
chromosomes in the donors. This
allowed them to reconstruct the patterns
of recombination and chromosomet 3, 2015 ª2015 Elsevier Ltd All rights reservedsegregation in each meiosis. Their
analyses revealed that there are
frequent, remarkable departures from
canonical meiosis in human females [8].
The most frequent non-canonical
chromosome segregation pattern
found was that some chromosome
pairs undergo ‘reverse meiosis’, in
which sister chromatids, rather than
homologous chromosomes, separate
during the MI division [8] (Figure 1). After
this unusual first meiotic division, the
homologous chromosomes segregated
at MII. Surprisingly, this chromosome
segregation at MII was not random. In
fact, the homologous chromosomes
segregated away from each other into
MI
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Figure 2. A novel form of meiotic drive favors transmission of recombinant chromatids.
(A) Unselfish meiotic drive pattern discovered by Ottolini et al. [8]. In cases where one chromatid was
recombinant and the other was not, the recombinant chromatid was preferentially segregated into the
oocyte in MII. For simplicity, the chromosome in the first polar body is not shown. (B) The mechanism
underlying unselfish drive could potentially be exploited by a selfish drive system. For instance, this
drive might rely on an unknown mark, indicated by the dashed circle, to identify the recombinant
chromatid and facilitate its segregation into the oocyte. However, a selfish locus could preferentially
recruit this mark (as shown) despite being a non-recombinant to gain a transmission advantage.
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remarkable fidelity (77% of meioses).
This is striking because the proper
bipolar orientation of the spindles along
which the chromosomes are pulled
apart relies on the tension generated
by the physical connections between
chromosomes provided by sister
chromatid cohesion [9]. In MII of reverse
meiosis, this cohesion is gone, thus
suggesting that there is a non-standard
chromosome segregation pathway to
ensure the generation of viable oocytes
with one complete (euploid) set of
chromosomes.
What could promote the nonrandom
MII segregation of homologs undergoing
reverse meiosis in human females? A
clue to this question comes from
studies of organisms with holocentric
chromosomes, wherein centromeric
determinants are distributed along the
entire chromosome. Reverse meiosis
(sometimes also referred to as ‘inverted
meiosis’) is the default pathway for
meiosis in at least some holocentric
plant and insect species [10–12]. In some
holocentric plant species, chromatin
threads appear to provide the physical
connection between homologs at MII
[10,11]. Similar heterochromatin threads
connect achiasmate (without crossovers)
homologous chromosome pairs prior to
MI in Drosophila melanogaster females
[13]. These ‘threads’ likely facilitate
proper disjunction of chromosomes in
D. melanogaster, which have regional
centromeres, similar to humans. Based
on the findings in plants, flies and now
humans, the authors of the new study
propose that such ‘chromatin thread’
connections may be widespread in
meiosis [4,8]. Chromatin threads may
promote fidelity of chromosome
segregation even in canonical meiosis.
A closer examination of canonical
meiosis events (i.e. not the result of
reverse meiosis) revealed a second
surprise: an unanticipated chromosome
segregation bias in MII [8]. This MII bias
favors segregation into the oocyte of
sister chromatids that experienced a prior
crossover, in MI. Specifically, when one
sister chromatid was recombinant and the
other was not, segregation into the oocyte
was strongly biased (65%) in favor of the
recombinant chromatid (Figure 2). This
MII bias represents a novel type of meiotic
drive [14].CuMeiotic drive alleles are often
deemed ‘selfish’ because they can bias
chromosome segregation to ensure their
preferential inclusion in gametes [15].
This type of meiotic drive has several
unique properties that distinguish it from
previously identified meiotic drive
systems (Figure 2): for instance, selfish
meiotic drive tends to be restricted to
a discrete locus and is beneficial to
the drive allele but detrimental to
overall fitness [15]. By contrast, the
recombinant-favoring drive is observed
on many chromosomes [8]. It thus does
not provide a transmission advantage to
any particular allele and is not expected
to decrease overall fitness. Moreover,
classic selfish meiotic drive systems
suppress recombination in their vicinity
(e.g., by chromosomal inversions),
thereby ensuring co-transmission of
multi-component drive systems [16],
while the MII drive mechanism promotes
recombination by favoring recombinant
chromatids. Indeed, the authors show
thatMII drive increases the recombination
rate in oocytes by almost 7% [8]. Based
on these differences, one might call the
new MII drive system ‘unselfish’. Indeed,
the ‘unselfish’ MII drive could even
suppress selfish meiotic drive alleles
by selecting against selfish drivers
present on large non-recombining
haplotypes [8,17].
But could even this ‘unselfish’ drive
mechanism be subverted? Although
the molecular mechanism is unclear, itrrent Biology 25, R654–R676, August 3, 2015 ªmight rely on a molecular ‘mark’ that
distinguishes a recombinant from a
non-recombinant sister chromatid. A
selfish genetic element could then
‘cheat’ by preferentially recruiting the
mark regardless of its recombination
status (Figure 2). In such a situation,
even a non-recombinant ‘selfish’
chromatid would increase its odds of
inclusion into the oocyte, potentially
even outcompeting its recombinant
sister.
This landmark study by Ottolini et al.
[8] will prove to be a milestone in our
understanding of how female meiosis
works (and frequently fails) in humans.
A particularly striking feature of this work
is that by analyzing a relatively small
number of meioses, these authors
found phenomena inconsistent with
standard meiosis dogma. It represents
a beautiful example of the unique value
of human research, while at the same
time emphasizing the importance of
characterizing deviations from canonical
meiosis in diverse eukaryotes.REFERENCES
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As a microtubule-organizing center, the centrosome undergoes a dramatic increase in size — via expansion
of the pericentriolar material — during mitosis. Recent work reveals shared assembly properties of a protein
scaffold that facilitates and supports this expansion, a process critical to spindle assembly.The centrosome serves as the major
site of microtubule nucleation and
organization during interphase. Upon
mitotic entry the centrosome increases
in size and microtubule-nucleating
capacity. This process, termed
centrosome maturation, thereby
promotes the formation of a robustmitotic
spindle, itself required for accurate
chromosome separation into the two
progeny cells. Defects in this process are
associated with genomic instability and
are frequently observed in a range of
tumor types.
The microtubule-nucleating capacity
of centrosomes originates from the
pericentriolar material (PCM) thatsurrounds the pair of centrioles. In
contrast to the beautiful nine-fold
symmetrical array of microtubules that
gives centrioles their distinctive structure
as visualized by electron microscopy, the
PCM has been described as ‘featureless’,
‘an amorphous cloud’, and ‘a
proteinaceous halo’. Lack of higher-order
PCM structure has made it difficult to
delineate a PCM assembly pathway akin
to that established for centriole formation.
The use of super-resolution microscopy
in human and Drosophila cells revealed,
however, that the interphase PCM
is in fact highly organized, with
pericentrin/pericentrin-like-protein (PLP)
forming fibrils that extend away from themother centriole [1,2]. Other PCM
components then fill the area defined by
these fibrils. Mitotic centrosomes lack this
level of PCM organization, although
proteins do occupy distinct domains,
suggesting some sort of spatial
organization [1]. Indeed, it is thought that
the expanded mitotic PCM is too large to
be organized by the single layer of
pericentrin/PLP and that instead the
assembly of a PCM scaffold underlies its
expansion.
The first evidence for a PCM scaffold
came from purified mitotic centrosomes
from Drosophila and the Atlantic surf clam
Spisula solidissima. These centrosomes
contained intact centrioles surrounded by
